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Abstract
Hybrid density functional calculations are used to model tyrosine oxidation during electron transfer reactions of
photosystem II. The predicted frequency values for the 7a and NCOH modes of the reduced form and the 7a mode of the
oxidised radical form are in excellent agreement with experimental data obtained for Mn and Ca depleted systems by
Hienerwadel et al. [Biochemistry 36 (1997) 15447] and Berthomieu et al. [Biochemistry 37 (1998) 10547]. The calculations
confirm that the two tyrosines YD and YZ are protonated in the reduced form. On oxidation the larger 7a frequency value
observed experimentally for YZb can be best explained by a greater localisation of the protonic charge released on formation
of this tyrosyl free radical. ß 2001 Elsevier Science B.V. All rights reserved.
1. Introduction
Tyrosine (Y) has been shown to be a key electron
transfer agent in a wide number of biological systems
[1^6]. Of particular importance is the role played by
the tyrosine/tyrosyl redox couple in the electron and
proton transfer reactions leading to the oxidation of
water to molecular oxygen in the photosystem II
(PSII) reaction centre of green plant photosynthesis.
Two tyrosine amino acid residues, D2-Tyr160
(YD) and D1-Tyr161 (YZ), are oxidised by the elec-
tron transfer reactions of PSII [1]. YD is apparently
bypassed in the electron transfer reactions between
the site of water oxidation (a manganese cluster) and
the primary oxidant chlorophyll (P680). It appears as
a relatively stable neutral tyrosyl radical. YZ on the
other hand serves as an electron transfer intermediate
between the manganese cluster and P680. An addi-
tional function, serving as a hydrogen abstractor
from the water molecules attached to the manganese
cluster, has recently been ascribed to this tyrosine
residue [7]. In the reduced state the phenolic OH
groups of both tyrosine residues have been proposed
to act as hydrogen bond donors to one of the imi-
dazole nitrogens of a nearby histidine residue, i.e.
D2-His189 for YD and D1-His190 for YZ (Synecho-
cystis numbering). Upon oxidation it is suggested
that the hydroxyl hydrogen transfers to the imidazole
nitrogen of the histidine (see [7,8] for details. Some
studies have however suggested that both tyrosines
are deprotonated in the reduced state existing as ty-
rosinate residues [9,10].
Fourier transform infrared (FTIR) di¡erence spec-
troscopy is a valuable tool in monitoring the changes
occurring in the cofactors involved in electron trans-
fer [11]. Direct information on both the ground state
and the oxidised or reduced forms of the electron
transfer intermediates can be obtained. For the tyro-
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sine residues involved in PSII the technique has been
used to monitor the oxidation of both tyrosine resi-
dues mentioned above [12,13]. The presence of a
band assigned to the COH bending mode for both
tyrosines in the reduced state appeared to provide
direct evidence that both are protonated prior to
oxidation [12,13]. There is however disagreement on
the correct band assignment and interpretation of the
FTIR di¡erence spectra of both YD and YZ. In a
recent paper Barry and coworkers [14] have argued
against previous assignments [12,13] suggesting that
the spectra were compromised by ‘‘the deleterious
bu¡er conditions employed’’. To help clarify this sit-
uation we report here on density functional calcula-
tions (B3LYP) performed on model tyrosine hydro-
gen bonded complexes, in the reduced and oxidised
state. These allow us to accurately predict the rele-
vant vibrational frequencies and modes of the model
complexes used. In such a fashion we clarify the ex-
perimental assignments as well as providing a deeper
insight into the factors governing the vibrational
characteristics of tyrosine and tyrosyl free radicals.
Previous studies [15^17] have also used density
functional calculations to study phenoxyl free radi-
cals and predict vibrational frequencies. These pre-
vious studies have concentrated on the isolated rad-
ical and have not studied the e¡ect of hydrogen
bonding between the phenoxyl oxygen and proton
donors.
2. Materials and methods
The density functional calculations were per-
formed using the B3LYP functional combined with
the EPR-II basis set. The details of the calculation
procedure have been described previously [18]. The
tyrosine model complexes are shown in Figs. 1 and 2.
The principal models used, Fig. 1, were p-cresol
(MePH), p-cresol/imidazole (MePH-IM), p-cresyl/
imidazolium ion (MeP-IMHb) and p-cresyl/imida-
zole (MeP-IMb). In addition further hydrogen
bonded models MePH-IM-HB (Fig. 2a), MeP-
IMH-HBb (Fig. 2b) and MeP-IM-HBb (Fig. 2c)
were studied to investigate the e¡ect of further hy-
drogen bonding to the imidazole or imidazolium
group. Experimental studies on tyrosine and p-cresol
[12] indicate that the 7a and NCOH bending vibra-
tions are essentially identical for both suggesting that
further extension of the models beyond p-cresol can
be expected to have little in£uence on the calculated
values. The calculated harmonic frequencies were
scaled by 0.980 (7a) and 0.983 (NCOH) to allow com-
parison with experimental anharmonic values. These
Fig. 1. Model complexes used for the calculations: (a) MePH,
(b) MePH-IM, (c) MeP-IMHb and (d) MeP-IMb. Selected opti-
mised bond distances are given in Aî . The optimised angle be-
tween the imidazole/imidazolium and phenol/phenoxyl ring
planes is 90‡ for b, 59‡ for c and 74‡ for d.
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scaling factors were derived by comparing experi-
mentally determined 7a and NCOH vibration fre-
quencies for gas phase phenol with calculations per-
formed at the level reported here.
3. Results and discussion
The optimised bond distances for each model
studied are given in Figs. 1 and 2. Upon oxidation
of MePH-IM and MePH-IM-HB proton transfer oc-
curs simultaneously, without an energy barrier, from
the phenol to the imidazole which then back hydro-
gen bonds with the oxygen atom of the phenoxyl
radical in MeP-IMHb and MeP-IMH-HBb. The
scaled harmonic frequencies calculated for MePH,
MePH-IM and MePH-IM-HB, for the 7a CO
stretching and the NCOH bending vibrational modes,
are presented in Table 1 where they are compared
with experimental values for p-cresol and a p-cresol^
imidazole complex [12]. The data for the extended
model Me-PH-IM-HB are essentially identical to
the smaller Me-PH-IM model indicating that addi-
tional hydrogen bonding to the imidazole produces
little change to the calculated stretching and bending
frequencies. The trends in frequency changes ob-
served experimentally are well reproduced by the cal-
culations. In essence the increased frequency value of
both modes on hydrogen bond formation of the phe-
nol OH group with imidazole is quantitatively repro-
duced. In addition the relatively increased intensity
of the NCOH bending mode relative to the CO
stretch mode, on hydrogen bond formation, is also
well reproduced. The frequency values for the two
redox active tyrosines of PSII, YD and YZ (Table
1), are also close to the MePH-IM and MePH-IM-
HB models providing supporting evidence that both
correspond to protonated tyrosine residues hydrogen
bonded to an imidazole group of a nearby histidine
residue. In Table 1 the shifts in frequency observed
on isotopic substitution are also presented. Down-
shifts in both modes are predicted for 13C(4) and
13C6 isotopomers. For the 2H4 form only one intense
mode (principally CO stretching) is predicted to ap-
pear. The predicted frequency values are in excellent
agreement with those reported for both YD and YZ.
The experimentally detected bands can be clearly as-
cribed to the downshifted NCOH mode for the 13C(4)
and 13C6 isotopomers. Due to the di¡erential nature
of the FTIR experiment the downshifted 7a mode
cannot be detected experimentally [12,13]. For the
2H4 isotopomer the calculations suggest that the sin-
gle band detected experimentally [12] is due to the
downshifted CO stretching mode. These calculations
provide con¢rmation of the assignments given in
[12,13] and indicate that both YZ and YD are pro-
tonated tyrosines which are hydrogen bonded to
nearby imidazole groups of neighbouring histidine
residues. One electron oxidation of MePH-IM and
MePH-IM-HB leads to simultaneous transfer of the
phenol proton to the hydrogen bonded imidazole as
Fig. 2. Extended complexes of Fig. 1, with water, used to mod-
el additional hydrogen bonding interactions to the imidazole/
imidazolium group; (a) MePH-IM-HB, (b) MeP-IMH-HBb
and (c) MeP-IM-HBb. Selected optimised bond distances are
given in Aî .
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found previously for phenol^imidazole hydrogen
bonded complexes [18]. A similar ¢nding has been
reported by Bloomberg et al. [19]. The geometry of
the resultant positively charged radical complexes,
MeP-IMHb and MeP-IMH-HBb, are given in
Figs. 1c and 2b. The scaled harmonic frequency val-
ues calculated for the 7a CO stretching mode are
given in Table 2 and compared with experimental
determinations for YZb and YZb. The shifts in fre-
quency for the various isotopomers are also given
in Table 2. It is clear from this table that the MeP-
IMHb and MeP-IMH-HBb models impressively re-
produce the experimental values measured for the in
vivo radicals. The fate of the phenol proton released
on YZ and YD oxidation has been the subject of
some debate in the literature [7,8]. It has been sug-
gested that, rather than being localised as an imida-
zolium ion (Fig. 3a), the proton can be transferred to
a larger, more distant, base acceptor pool (Fig. 3b),
or at the limit a domino e¡ect operates and the pro-
ton is transferred ultimately to the outside solution
(Fig. 3c). The latter scenario would result in the sit-
uation represented by the MeP-IMb model of Fig. 1d
where the tyrosyl residue is interacting with a neutral
imidazole moiety. The calculated harmonic fre-
quency data of Table 2 show that the MeP-IMb mod-
el does not exhibit good agreement with the exper-
imental determinations for YDb and especially YZb.
Introduction of another hydrogen bond to the free
imidazole nitrogen as modelled by MeP-IM-HBb
leads to essentially unchanged values for the 7a
mode (Table 2). Hydrogen bonding to the oxygen
atom in phenoxyl radicals has been shown to lead
to an increase in the 7a mode frequency value [20].
The upward shift in frequency, on hydrogen bond
formation, for the 7a mode of phenoxyl type radi-
cals1 is directly proportional to the hydrogen bond
strength. The weaker hydrogen bond donation in
MeP-IMb results therefore in a lower perturbation
of the 7a mode form. A reasonable interpretation
of the above data is that YZb and YDb correspond
to the situation modelled by MeP-IMHb or MeP-
IMH-HBb, or at least to a situation where the
charge is located close to the tyrosyl free radical.
The frequency value and the isotope shifts are in
quite good agreement with experimental determina-
tions. The phenol proton released on YZ oxidation is
retained close to the tyrosyl radical retaining a strong
hydrogen bond link between the D1-His190 and the
YZb radical and is readily available for back transfer
on reduction of YZb by the manganese complex. For
YDb the lower 7a mode value compared with YZb
suggests a weaker hydrogen bonding interaction be-
tween D2-His189 and YDb than with YZb and D1-
Table 1
Comparison of calculated and experimental frequencies, cm31, for the reduced forms
System Normal isotopes 13C(4) 13C6 2H4
7a NCOH 7a NCOH 7a NCOH 7a NCOH
Theory
MePH 1261 [98] 1173 [131]
MePH-IM 1283 [91] 1247 [152] 1261 (322) 1232 (315) 1251 (332) 1222 (325) 1236 (347) -
MePH-IM-HB 1283 [91] 1250 [150] 1262 (321) 1234 (316) 1252 (331) 1225 (325) 1238 (345)
Experimental
p-Cresol/CCl4 1255 1175 ND ND ND ND ND ND
p-Cresol/imidazole 1271 1251 ND ND ND ND 1226 (345) ND
YD 1275 1250 ND 1226 (324) ND 1220 (330) 1230 (345) ND
YZ 1279 1255 ND 1234 (321) ND 1230 (325) 1233 (346) ND
Intensity (km/mol) and isotope shift values are given in brackets and parentheses respectively. Experimental values are as given in
[12,13].
ND, not determined experimentally; 13C(4) labelling at C4 atom position; 13C6 labelling at all six phenol ring carbons; 2H4 labelling
at all four phenol ring hydrogens.
1 A downshift for a pure CO stretching mode frequency value
is expected on hydrogen bond formation. For phenoxyl free rad-
icals we have previously shown [20] that ion formation or strong
hydrogen bonding to the phenoxyl oxygen signi¢cantly changes
the 7a mode form, leading to a greater degree of ring movement.
This additional atom movement in the mode form is the most
likely reason for the upshift in frequency value predicted.
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His190. Indeed the data of Table 2 suggest that the
di¡erence in stretching frequency for the 7a mode of
YDb and YZb could be simply due to the presence or
absence of a hydrogen bond to the imidazolium moi-
ety. More generally it may imply that the proton
charge released on oxidation of the tyrosine residue
is more delocalised for YDb compared with YZb. Such
a situation would also explain the lower redox po-
tential of YDb compared with YZb and the greater
stability/lifetime of YDb [21]
It is important to point out that the experimental
FTIR data used here were recorded either for sys-
tems in which oxygen evolution was inhibited by use
of the apoenzyme (Mn depleted) or on systems de-
pleted of Ca. The data presented in [13] suggest,
however, that the removal of the manganese complex
has little e¡ect on the D1-Tyr161^D1-His190 hydro-
gen bond as the FTIR data are identical for the in-
Fig. 3. Schematic view of proton localisation/delocalisation after YD or YZ oxidation. See text for details. Adapted from [2] (a).
Table 2
Comparison of experimental and calculated 7a frequency and
isotope frequency shifts for the oxidised forms
System X7a vX7a 13C(4) vX7a 2H4 vX7a 13C6
Theory
MeP-IMHb 1515 327 317 341
MeP-IMH-HBb 1508 331 316 339
MeP-IMb 1493 329 324 340
MeP-IM-HBb 1492 329 324 340
Experimental
YZb 1512 327 316 336
YDb 1503 326 317 335
Experimental values are as given in [12,13].
13C(4) labelling at C4 atom position; 13C6 labelling at all six
phenoxyl ring carbons; 2H4 labelling at all four phenoxyl ring
hydrogens.
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tact and apoenzyme. It is also of note that FTIR
data obtained by Noguchi et al. [22] on the function-
al enzyme for YZ appear to be identical to the in-
hibited systems. This suggests that these inhibitory
treatments do not disturb the hydrogen bond be-
tween D1-His190 and D1-Tyr161. The reported ef-
fects on YZ oxidation kinetics caused by such treat-
ments [23,24] are unlikely to be due to a perturbation
of this link.
As indicated in Section 1 it has been recently sug-
gested by Barry and coworkers [14] that the assign-
ments in [12,13] are incorrect and the infrared bands
arise due to deleterious bu¡er conditions rather than
from the PSII tyrosines. It should however be
pointed out that the key data presented in [12,13]
have been reproduced independently by Noguchi et
al. [22]. It is also clear from the data presented in this
report that the data presented in [12,13] are com-
pletely consistent with density functional calculations
on models of hydrogen bonded tyrosine and tyrosyl
radicals. On the other hand the tyrosyl 7a frequency
value of 1478 cm31 reported by Kim et al. [14] is
about 20 cm31 lower than any phenoxyl or tyrosyl
7a value reported in the literature either in vitro or in
vivo. The isotope shifts reported for this band, 39
cm31 for the 2H4 isotopomer and 355 cm31 for the
13C6 isotopomer, also disagree with the calculated
shifts presented in Table 2. We conclude therefore
that the experimental FTIR data presented by Hie-
nerwadel et al. [12] and Berthomieu et al. [13] are a
true re£ection of tyrosine oxidation for YD and YZ
respectively.
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